We study a quantum quench for a semiconductor quantum dot coupled to a Fermionic reservoir, induced by the sudden creation of an exciton via optical absorption. The subsequent emergence of correlations between spin degrees of freedom of dot and reservoir, culminating in the Kondo effect, can be read off from the absorption line shape and understood in terms of the three fixed points of the singleimpurity Anderson model. At low temperatures the line shape is dominated by a power-law singularity, with an exponent that depends on gate voltage and, in a universal, asymmetric fashion, on magnetic field, indicative of a tunable Anderson orthogonality catastrophe. DOI: 10.1103/PhysRevLett.106.107402 PACS numbers: 78.67.Hc, 78.40.Fy, 78.60.Fi When a quantum dot (QD) is tunnel coupled to a Fermionic reservoir (FR) and tuned such that its topmost occupied level harbors a single electron, it exhibits at low temperatures the Kondo effect, in which QD and FR are bound into a spin singlet. It is interesting to ask how Kondo correlations set in after a quantum quench, i.e., a sudden change of the QD Hamiltonian, and corresponding predictions have been made in the context of transport experiments [1] [2] [3] [4] . Optical transitions in quantum dots [5] [6] [7] offer an alternative arena for probing Kondo quenches: the creation of a bound electron-hole pair-an excitonvia photon absorption implies a sudden change in the local charge configuration. This induces a sudden switch-on of both a strong electron-hole attraction [6] [7] [8] and an exchange interaction between the bound electron and the FR. The subsequent dynamics is governed by energy scales that become ever lower with increasing time, leaving telltale signatures in the absorption and emission line shapes. For example, at low temperatures and small detunings relative to the threshold, the line shape has been predicted to show a gate-tunable power-law singularity [8] . Though optical signatures of Kondo correlations have not yet been experimentally observed, prospects for achieving this goal improved recently due to two key experimental advances [9, 10] .
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Here we propose a realistic scenario for an optically induced quantum quench into a regime of strong Kondo correlations. A quantum dot tunnel coupled to a FR is prepared in an uncorrelated initial state [ Fig. 1(a) ]. Optical absorption of a photon creates an exciton, thereby inducing a quantum quench to a state conducive to Kondo correlations [ Fig. 1(b) ]. The subsequent emergence of spin correlations between the QD-electron and the FR, leading to a screened spin singlet, is imprinted on the optical absorption line shape [ Fig. 1 [indicated by wavy lines in Fig. 1(d) ] can be tuned by magnetic field and gate voltage via their effects on the level occupancy.
Model.-We consider a QD, tunnel coupled to a FR, whose charge state is controllable via an external gate voltage V g applied between a top Schottky gate and the FR [see Fig. 1(a) and 1(b) ]. In a gate voltage regime for which the QD is initially uncharged, a circularly polarized light beam (polarization ) at a suitably chosen frequency ! L propagating along the z axis of the heterostructure will create a so-called neutral exciton [11] (X 0 ), a bound electron-hole pair with well-defined spins and " ¼ À (2 fþ; Àg) in the lowest available localized s orbitals of the QD's conduction-and valence bands (to be called e and h levels, with creation operators e , respectively). The QD-light interaction is described by
e Ài! L t þ H:c:Þ. We model the system before and after absorption by the initial and final Hamiltonian
" a e n e þ Un e" n e# þ af " h " ða ¼ i; fÞ (1) describes the QD, with Coulomb cost U for double occupancy of the e level, n e ¼ e y e , and hole energy " h " (> 0, on the order of the band gap). The e level's initial and final energies before and after absorption, " a e (a ¼ i, f), differ by the Coulomb attraction U eh ð>0Þ between the newly created electron-hole pair, which pulls the final e level downward, " 
the Zeeman splitting of FR states can be neglected for our purposes [12] ). The electron-hole pair created by photon absorption will additionally experience a weak but highly anisotropic intradot exchange interaction [12] . Its effects can be fully compensated by applying a magnetic field fine-tuned to a value, say B eh , that restores degeneracy of the e level's two spin configurations [12] . Henceforth, B is understood to be measured relative to B
. The electron-hole recombination rate is assumed to be negligibly small compared to all other energy scales. We focus on the case, illustrated in Figs. 1(a) and 1(b) , where the e level is essentially empty in the initial state and singly occupied in the ground state of the final Hamiltonian, " n i e ' 0 and " n f e ' 1. Absorption line shape.-Absorption sets in once ! L exceeds a threshold frequency, ! th . The line shape at temperature T and detuning ¼ ! L À ! th is, by the golden rule, proportional to the spectral function (see [13] )
Here jmi a and E a m are exact eigenstates and energies of H a , depicted schematically in Fig. 1(c 
G is the ground state energy of H a ), which is on the order of " f e þ " h " (up to corrections due to tunneling and correlations).
We calculated A ðÞ using the Numerical Renormalization Group (NRG) [14] , generalizing the approach of Refs. [8, 15] to T Þ 0 by following Ref. [16] . The inset of Fig. 2 shows a typical result: As temperature is gradually reduced, an initially rather symmetric line shape becomes highly asymmetric, dramatically increasing in peak height as T ! 0. At T ¼ 0, the line shape displays a threshold, vanishing for < 0 and diverging as tends to 0 from above. Figure 2 analyzes this divergence on a loglog plot, for the case that T, which cuts off the divergence, is smaller than all other relevant energy scales. Three distinct functional forms emerge in the regimes of ''large'', ''intermediate'' or ''small'' detuning, labeled (for reasons discussed below) FO, LM and SC, respectively, (given here for H f ¼ SEAM):
f e jÞ; (3a)
The remarkable series of crossovers found above are symptomatic of three different regimes of charge and spin dynamics. They can be understood analytically using fixed-point perturbation theory (FPPT). To this end, note that at T ¼ 0 the absorption line shape can be written as A ðÞ ¼ 2 Re 
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107402-2 of a photogenerated e-electron coupled to a FR. Evidently, large, intermediate or small detuning, corresponding to ever longer time scales after absorption, probes excitations at successively smaller energy scales [see Fig. 1(c) around the three well-known fixed points [14] of the AM: the free orbital, local moment and strong-coupling fixed points (r ¼ FO, LM, SC), characterized by charge fluctuations, spin fluctuations and a screened spin singlet, respectively, as illustrated in Fig. 1 
(d).
Large and intermediate detuning-perturbative regime.-For large detuning, probing the time interval t & 1=j" f e j immediately after absorption, the e level appears as a free, filled orbital perturbed by charge fluctuations, described by [14] 3a) and (3b) (see [13] ), which quantitatively agree with the NRG results of Fig. 2 The FPPT strategy for calculating FO and LM line shapes can readily be generalized to finite temperatures [12] , using the methods of Ref. [17] (Section III.A) for finding the finite-T dynamic magnetic susceptibility [13] . For jj ( j" 
where Kor ð; TÞ ¼ T=ln 2 ½maxðjj; TÞ=T K is the scaledependent Korringa relaxation rate [17] . It is smaller than T by a large logarithmic factor, implying a narrower and higher absorption peak than for thermal broadening.
Small detuning and Kondo-edge singularity-strongcoupling regime.-As is lowered through the bottom of the LM regime, JðÞ increases through unity into the strong-coupling regime, and A ðÞ monotonically crosses over to the SC regime. It was first studied for the present model (for B ¼ 0Þ in Ref. [8] , which found a power-law line shape of the form (3c), characteristic of a Fermi edge singularity, with an exponent that followed Hopfield's rule [18] . The power-law behavior reflects Anderson orthogonality [19, 20] : it arises because the final ground state jG f i that is reached in the long-time limit is characterized by a screened singlet. The singlet ground state induces different phase shifts [as indicated in Fig. 1(d) by wavy lines] for FR electrons than the unscreened initial state just after photon absorption, e y jG i i, and hence is orthogonal to the latter. It is straightforward to generalize the arguments of Refs. [8, 18] to the case of B Þ 0 (see [13] ). One readily finds the generalized Hopfield rule for jg e Bj ( T K , while lower=upper ! AE1 for jg e Bj ) T K . Here the subscript ''lower'' or ''upper'' distinguishes whether the spin-electron is photoexcited into the lower or upper of the Zeeman-split pair (g e B < 0 or >0, respectively). The sign difference AE1 for arises since these cases yield fully asymmetric changes in local charge: Án e;lower ! 1 while Án e;upper ! 0. As a result, Anderson orthogonality [19] is completely absent (Án 0 e 0 ¼ 0) for photo-excitation into the lower level, since subsequently the e-level spin need not adjust at all. In contrast, it is maximal (Án 0 e 0 ¼ 1) for photo-excitation into the upper level, since subsequently the e-level spin has to create a spin-flip electron-hole pair excitation in the FR to reach its longtime value. It follows, remarkably, that a magnetic field tunes the strength of Anderson orthogonality, implying a dramatic asymmetry for the evolution of the line shape A ðÞ / À with increasing jBj [ Fig. 3(a) 
